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 
Abstract— A new kind of dual-band reflection-mode circular 
polarizers (RMCPs) is introduced with wide bandwidth and 
wide-view at the operating frequencies. The proposed RMCPs are 
based on dual-layer rectangular patches on both sides of a 
substrate, separated by a foam or air layer from the ground plane. 
Required TE susceptance of the first layer patches to produce 
circular polarization is calculated using the equivalent 
transmission line model. Dimensions of the RMCP are obtained 
using parametrical study for the two frequency bands, 1.9-2.3 
GHz and 7.9-8.3 GHz. In addition, it is indicated that the accepted 
view angle and bandwidth of the proposed dual-layer RMCP are 
improved compared with the single layer RMCP, significantly. 
Moreover, a tradeoff is observed for the dual-layer RMCP on the 
bandwidths of X band and S band that can be controlled by 
propagation angle of the incident wave. The proposed RMCP has 
30.5 % and 33.7 % bandwidths for less than 3 dB axial ratio with 
incident angles          and         . Finally, simulation 
results are met by the measurement for three angles of the 
incident wave. 
 
Index Terms— Circular Polarization, Dual Frequency, 
Dual-layer Structure, Frequency Selective Surfaces. 
 
I. INTRODUCTION 
Circularly-polarized antennas are widely spread on the radio 
wave applications. Radar systems, earth stations, scanners and 
satellite systems are examples of these applications. Circular 
polarization (CP) can be obtained by the circularly polarized 
antenna elements using regular methods such as multi-feed 
antennas, helical antennas, spiral antennas, etc. [1-6]. Another 
method is the sequential rotation technique that can obtain the 
CP from the array of linearly polarized antennas with unique 
angular and phase arrangements [7- 9]. 
Reflection-mode circular polarizers (RMCPs) and 
transmission-mode circular polarizers are alternative methods 
to produce CP from linearly polarized antennas. Various 
configurations of these polarization converters are introduced 
so far. Parallel plates, patches and lines, meandered lines, 
metallic helices, and U-shaped split ring resonators [10-17] are 
examples of transmission-mode circular polarizers. For 
RMCPs artificial magnetic conductors [18], arrays of 
L-patterns [19] and dipole (patch) array structures [20, 21] can 
be named.  
Furthermore, several methods have been suggested for 
designing dual-band polarization converters, such as the 
structures based on planar spirals [22], split ring resonators [16, 
17, 23], a pair of two-turn spiral resonators [24], etc. RMCPs 
consisting patch arrays are also applied for dual-band 
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application with two sizes of patches for two desired frequency 
bands. The small size patches can be placed beside large ones 
[25] or inside them using slots for separation [26]. However, all 
of the proposed RMCPs for dual-band applications are affected 
by fundamental limitations on the bandwidths at their operating 
frequencies. The RMCP with two size patch arrays [26] has 
wide bandwidth for the first operating frequency, however the 
second operating frequency has a narrow bandwidth and low 
permitted view angle. In this paper, a new approach is used to 
design dual-band RMCPs for improving the bandwidth of 
second operating frequency from 9.8 % in [26] up to 33.7 %. In 
addition the view angles are improved from          and 
         in [26] to          and         .  
  The proposed RMCP is consisting of dual layer rectangular 
patch arrays. Patch arrays are placed on both sides of a 
substrate, separated by a foam or air layer from the ground 
plane.  Equivalent transmission line model of the structure is 
used to obtain required TE susceptance of the first layer for CP. 
Required TE susceptance curves are plotted for different sizes 
of the patches on both layers. TE susceptance curve of the first 
layer should pass from the required curves on the desired 
frequency bands. The desired frequency bands are 1.9-2.3 GHz 
and 7.9-8.3 GHz [26, 27]. Therefore we can increase the angle 
difference (beamwidth) from     in [26] to more than     by 
using the proposed RMCP. Moreover, the dimensions can be 
scaled and tuned for other frequencies explicitly. 
Subsequently, dimensions of patches are obtained using a 
parametrical study and observing the effects of changing 
dimensions on the susceptance curves. We observed some 
differences between simulated and predicted results of the 
RMCP that is construed as the coupling effects between layers. 
However the effects of changing sizes are similar in calculation 
and simulation. Therefore dimensions of the final structure are 
obtained by minor changing of two parameters of the initial 
RMCP. The calculation method and parametrical study are 
explained in next section. Simulation results for different 
angles of incident wave are discussed in section 3. In addition, 
simulations are validated by the measured results for some 
angles of the incident wave.  
II. DUAL-LAYER RMCP CONFIGURATION 
Equivalent transmission line circuit model of the proposed 
RMCP is indicated in Fig. 1. The relative permittivity of 
substrate is 3.9 for the first layer and the air substrate is used for 
the second layer. For the RMCP with single layer frequency 
selective surface (FSS) [26],     vanishes and therefore we 
have         . Dual band operation for this RMCP is obtained 
using two sizes of patches each for one operating frequency as 
indicated in Fig. 2 (a). The small patches are placed inside the 
large patches using slots for separations. In addition, the effects 
of small patches are neglected in the analytical method about 2 
GHz and the effects of large patches are neglected about 8 GHz.  
The RMCP with dual-layer FSSs is consisting of only 
rectangular patches on both layers. The sizes and separations of 
patches are obtained using the equivalent transmission line 
circuit and simulation results. Schematic of the proposed 
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RMCP unit-cell is indicated in Fig. 2(b) and the array with 
slashed first layer is indicated in Fig. 2(c). It is assumed that the 
unit-cell of second layer is five times greater than the first layer 
in  ̂  direction and both layers have similar dimensions in  ̂ 
direction. In particular it is assumed that        mm, 
        mm,            mm. These dimensions are 
obtained from initial calculations of the required TE 
susceptance of the first layer (   
  ) and the fact that the TE 
susceptance of patch array as function of frequency is a line that 
passes from the origin [26, 28]. The effect of other parameters 
will be indicated shortly.  In addition it will be observed that the 
sizes of RMCP for the required frequency bands are not unique 
and several sizes may result in similar frequency responses. 
 
Fig. 1.  Equivalent transmission line model for the RMCPs with dual-layer FSS. 
 
RHCP and LHCP reflected waves can be obtained from the 
incident wave with polarization angle of     , if we have 
    
        , since the reflected TE and TM waves should 
have identical amplitudes and      phase difference. Electric 
fields of the incident and reflected waves with TE and TM 
components are indicated in Fig. 2(c). Electric field of the 
reflected wave rotates as the time elapses, however it is 
indicated at one point as an example. Using the equivalent 
transmission line model in Fig. 1, both TE and TM reflection 
coefficients are given by                     ⁄ , where 
            with the corresponding admittances.  Now by 
replacing TE and TM reflection coefficients in the equation 
    
        , the required TE admittance will be [20] 
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with   
              and   
         ⁄ , where     is the 
relative permittivity of the  th layer. Also,     √       , 
where    √     . Here we have three layers with     
      and       .    is unique and equals        in all 
layers due to the boundary conditions. The real part of 
admittance in neglected with ignoring losses and only the 
susceptance,    
  , is assumed. In addition, it should be 
considered that             , in calculating     for both TE 
and TM modes [26].  
Equations of the susceptances of FSS with rectangular 
patches are not repeated since they are available in previous 
reports [26, 28]. However, as functions of frequency they are 
lines that pass from the origin with positive slopes. The slopes 
can be controlled by changing the sizes of patches; larger 
patches with smaller separations have larger slopes. Addition of 
    can change        
   from a convex function of frequency at 
both frequency bands to a convex function at 2 GHz and a 
concave function at 8 GHz. Actually, for single layer RMCPs 
the concave parts of required    
  always have negative values 
[26]. Therefore, the    
   of patches cannot pass from them, 
since the patches always produce positive values of    
  . 
Consequently, the second layer FSS is required to make the 
concave part of required    
   positive at the second operating 
frequency. This will help to construct the dual-band RMCP as 
will be indicated shortly. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 2.  Schematic of the dual band RMCPs; (a) unit-cell of the RMCP with 
single layer FSS [26] (dimensions in mm), (b) unit-cell and (c) array with 
slashed first layer of the proposed RMCP with dual-layer FSSs. 
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Fig. 3.  Parametrical study on the required TE susceptance of the first layer 
patches for CP; the effects of changing (a)   
 , (b)  
 , (c)  
 , (d)    and (e)    
on the required TE susceptance respectively. 
 
The effects of changing dimensions of the proposed RMCP 
in Fig. 2(b) on the required susceptance are indicated in Fig. 3. 
Maximum effects for LHCP at S band are for   
  while it does 
not shift the frequencies significantly as indicated in Fig. 3(a). 
The effects of changing some parameters are similar, such as 
  
  and   
  as can be observed in Fig. 3(b) and Fig. 3(c). They 
can be used to adjust the separation between operating 
frequencies since the frequencies are shifted by changing them. 
Both parameters have more impacts on the X band susceptance; 
however the effects of changing   
  are a bit larger on the 
required    
   for LHCP at S band while the effects of changing 
  
  are somewhat larger for RHCP at X band. The required 
susceptance at X band can be adjusted by changing    as 
indicated in Fig. 3(d), most significantly. In addition, it can be 
observed in Fig 3(e) that both frequencies can be shifted by 
changing   . 
 As a consequence of these diagrams one has multiple 
choices for the dimensions to produce the desired responses. 
Initial dimensions of the proposed RMCP based on this 
parametrical study are given in Fig. 4. In addition, it is indicated 
that if we have   
       , the calculated    
   should meet 
the required    
   at the desired frequencies. Also, there are 
multiple choices for the sizes of patches. For example, if we 
have assumed that the unit-cell of second layer is four times 
greater than the first layer in  ̂ direction (        ), the    
   
curve for   
          would be exactly the same.  
Effects of changing the propagation angle (  ) on the 
susceptances are also indicated in Fig. 4. These effects on the 
phase difference between calculated TE and TM reflection 
coefficients (         ) are indicated in Fig.  5(a). It can be 
observed that the increase of   should increase the S band 
bandwidth and reduce the X band bandwidth and vice versa. 
This can be recognized from Fig. 4 where the required    
   is a 
convex function of frequency at S band and concave function at 
X band despite the fact that it is a convex function for both 
frequency bands of the single layer RMCP [26]. Phase 
differences are of the simulated design are also indicated in Fig. 
5(b) which imply similar behavior with calculations as will be 
discussed in next section. 
III.  SIMULATION AND MEASUREMENT RESULTS 
Simulated axial ratio (AR) of the reflected wave from the 
proposed RMCP is indicated in Fig. 6 using frequency domain 
solver in CST. Simulated phase differences between TE and 
TM reflection coefficients are also indicated in Fig. 5(b). The 
initial dimensions are similar with the dimensions in Fig. 4. 
Simulation results of the RMCP with initial sizes indicate 
dissimilarities with the predictions in Fig. 4 and Fig. 5(a). It can 
be interpreted as the coupling effects between layers and the 
higher order expressions in calculating the admittances of FSS 
layers [28], which are neglected in the transmission line model. 
It appears that    
   does not cross the required    
   at X band. 
This can be compensated by reducing   
  to decrease the slope 
of TE susceptance of first layer patches, as can be observed in 
Fig. 4. Therefore AR of the RMCP with reduced    
  from 3.2 
mm to 3 mm is indicated in Fig. 6. It can be observed reducing  
  
  affected the S band AR as well. However, this can be 
compensated by increasing   
  as can be observed in Fig. 3. 
Consequently, one can obtain desired results by slightly 
changing the dimensions using the understanding of each 
parameter’s effect on the required susceptances. We changed 
only two parameters,   
  from 17.2 mm to 17.25 mm and   
  
from 3.2 mm to 3 mm. Simulated AR of the modified RMCP in 
Fig. 6 indicates 44 % bandwidth for S band and 46 % 
bandwidth for X band for the incident wave with      .  
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Fig. 4.  Required    
   for CP with determined dimensions (  
 ,   
 ,  
 ,    and 
  ) and the calculated    
   for two equivalent dimensions of    and   
 . 
 
 
(a) 
 
(b) 
Fig. 5.  Phase differences between TE and TM reflection coefficients of the 
RMCP with initial dimensions for different propagation angles; (a) calculated 
phase differences and (b) simulated phase differences. 
 
 
Fig. 6.  Simulated AR of the reflected wave from the RMCP with the initial 
sizes from calculations and modified sizes, the incident wave with 135° 
polarization angle. 
 
Simulated AR of the reflected wave from proposed RMCP is 
indicated in Fig. 7 for different angles of the incident wave. 
Comparison between ARs of the proposed RMCP and the 
single-layer RMCP [26] is indicated in Fig. 8 for two angles of 
the incident wave as the examples.  It can be observed that the 
permitted incident angle difference for X band of this RMCP is 
improved in comparison with the single layer RMCP [26]. In 
addition, there is a tradeoff between the bandwidths of X band 
and S band that can be controlled by maximum and minimum 
propagation angles of the incident wave. For example if 15° 
angle difference is required, the bandwidth will be 30.5 % and 
33.7 % for S band and X band respectively with          
and         . If we increase      to 55° the X band 
bandwidth will reduce to 12.2 %. Same angle difference can be 
obtained by reducing      to 30° that will reduce the S band 
bandwidth to 14.2 %. Therefore we can increase the angle 
difference by reducing the bandwidth of only one operating 
frequency band. Furthermore, the permitted angle difference 
can be improved by reducing the bandwidths. For example, the 
angle difference can be improved up to 25° with the bandwidths 
14.2 % and 12.2 % for S and X bands respectively.  
Simulations are validated using measured results of a 297.5 
mm × 341.3 mm prototype. The realized RMCP and the 
measurement setup are indicated in Fig. 9. The 11.25 mm 
separation between the aluminum plate and the substrate is 
provided using pieces of foams with negligible permittivity. 
Transmitter antenna is placed with 135° polarization angle and 
the polarization of receiver is change in multiple angles as 
indicated in Fig. 9. AR is the ratio of highest received power 
and lowest power between the received powers in all 
polarization angles. Measured AR of the reflected wave from 
the RMCP with three angles of incident wave (  in Fig. 9) is 
indicated in Fig. 10. It can be observed that the measured results 
are in agreement with the simulations. Finally, simulated and 
measured reflection coefficients of the proposed RMCP are 
indicated in Fig. 11 at      . Small fluctuations are 
predictable in measurement due to the low level noise around 
the receiver. However, it can be observed that the reflection 
loss is less than 0.4 dB throughout the bandwidths.  
 
 
Fig. 7.  Simulated AR of the reflected wave with incident wave with 135° 
polarization and different propagation angles. 
 
 
Fig. 8.  Comparison between ARs of the proposed RMCP and the single-layer 
RMCP [26]; operating frequencies of the single layer RMCP is indicated by 
diagonal hatches and the dual-layer RMCP by solid fills. 
 
0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2593931, IEEE
Transactions on Antennas and Propagation
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
5 
 
 
Fig. 9.  Photograph of the fabricated RMCP and measurement setup from two 
viewangles. 
 
 
Fig. 10.  Measured AR of the reflected wave from incident wave with 135° 
polarization at different propagation angles compared with simulation results. 
 
 
Fig. 11.  Simulated and measured reflection coefficients of the proposed RMCP 
at      . 
 
IV. CONCLUSION 
A dual band reflection-mode linear to circular polarization 
converter is proposed in this paper. The proposed RMCP 
consists of dual-layer rectangular patches. Required TE 
susceptance of the first layer is calculated in multiple situations 
and a parametrical study is applied on the susceptance. 
Dimensions of the patches are tuned for the best operation on 2 
GHz and 8 GHz. The AR bandwidth is 30.5 % and 33.7 % for 
first and second frequency bands respectively with          
and         . The AR bandwidth can be improved by 
reducing   . In addition, bandwidth of the first operating 
frequency can be improved by reducing the bandwidth of 
second operating frequency and vice versa. Furthermore, the 
permitted angle difference can be improved by reducing the 
bandwidths. Finally, a 297.5 mm × 341.3 mm prototype of the 
proposed dual band RMCP is fabricated and tested 
successfully. Measurement results indicate good agreements 
with simulations at different angles of the incident wave. In 
addition, less than 0.4 dB reflection loss is observed in 
measurement at both frequency bands.  
 
REFERENCES 
[1] M. C. A. Balanis, Antenna Theory Analysis and Design. New York: John 
Wiley & Sons, 2005. 
[2] H. A. Wheeler, “A Helical Antenna for Circular Polarization,” Proc. IRE, 
vol. 35, no. 12, pp. 1484–1488, Dec. 1947. 
[3] M. Fartookzadeh and S. H. Mohseni Armaki, “Multi-band Conical and 
Inverted Conical Printed Quadrifilar Helical Antennas with Compact 
Feed Networks”, AEU-International Journal of Electronics and 
Communications vol. 70, no. 1, pp. 33-39, 2016. 
[4] S. D. Targonski and D. M. Pozar, “Design of wideband circularly 
polarized aperture-coupled microstrip antennas,” IEEE Trans. Antennas 
Propagat., vol. 41, no. 2, pp. 214–220, 1993. 
[5] J. Dyson, “The equiangular spiral antenna,” IRE Transactions on 
Antennas and Propagation, vol. 7, no. 2, pp. 181–187, Apr. 1959. 
[6] Fartookzadeh, M., Mohseni Armaki, S. H., “Wide-beam spiral antenna 
with three folded arms fed by compact three-way Wilkinson power 
divider”, Electronic letters, accepted. 
[7] J. Huang, “C.P. microstrip array with wide axial ratio bandwidth and 
single feed L.P. elements,” in IEEE Antennas Propag. Soc. Int. Symp. 
Dig., 1985, pp. 705-708. 
[8] H. Evans, P. Gale, B. Aljibouri, E. G. Lim, E. Korolkeiwicz, and A. 
Sambell, “Application of simulated annealing to design of serial feed 
sequentially rotated 2 × 2 antenna array,” Electronics Letters, vol. 36, no. 
24, p. 1987, 2000. 
[9] M. Fartookzadeh and S. H. M. Armaki, “Serial-feed for a circular patch 
antenna with circular polarization suitable for arrays,” Int J RF and 
Microwave Comp Aid Eng, vol. 24, no. 5, pp. 529–535, Jan. 2014. 
[10] R. J. Mailloux, Phased array antenna handbook. Artech House, Boston,  
2005. 
[11] D. Lerner, “A wave polarization converter for circular polarization,” 
IEEE Trans. Antennas Propagat., vol. 13, no. 1, pp. 3–7, Jan. 1965. 
[12] K. M. K. H. Leong and W. A. Shiroma, “Waffle-grid polariser,” 
Electronics Letters, vol. 38, no. 22, p. 1360, 2002. 
[13] C. Dietlein, A. Luukanen, Z. Popovi, and E. Grossman, “A W-Band 
Polarization Converter and Isolator,” IEEE Trans. Antennas Propagat., 
vol. 55, no. 6, pp. 1804–1809, Jun. 2007. 
[14] A. D. Shatrow, A. D. Chuprin, and A. N. Sivov, “Constructing the phase 
converters consisting of arbitrary number of translucent surfaces,” IEEE 
Trans. Antennas Propagat., vol. 43, no. 1, pp. 109–113, 1995. 
[15] L. Young, L. Robinson, and C. Hacking, “Meander-line polarizer,” IEEE 
Trans. Antennas Propagat., vol. 21, no. 3, pp. 376–378, May 1973. 
[16] M. G. Silveirinha, “Design of linear-to-circular polarization transformers 
made of long densely packed metallic helices,” IEEE Trans. Antennas 
Propag., vol. 56, no. 2, pp. 390–401, Feb. 2008. 
[17] M. Mutlu, A. E. Akosman, A. E. Serebryannikov, E. Ozbay, 
“Asymmetric chiral metamaterial circular polarizer based on four 
0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2593931, IEEE
Transactions on Antennas and Propagation
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
6 
U-shaped split ring resonators”, Optics Letters, vol. 36, no. 9 , p. 1653, 
May 2011. 
[18] W. Yang, K.-W. Tam, W.-W. Choi, W. Che, and H. T. Hui, “Novel 
Polarization Rotation Technique Based on an Artificial Magnetic 
Conductor and Its Application in a Low-Profile Circular Polarization 
Antenna,” IEEE Trans. Antennas Propagat., vol. 62, no. 12, pp. 6206–
6216, Dec. 2014. 
[19] S.-C. Jiang, X. Xiong, Y.-S. Hu, Y.-H. Hu, G.-B. Ma, R.-W. Peng, C. 
Sun, and M. Wang, “Controlling the Polarization State of Light with a 
Dispersion-Free Metastructure,” Physical Review X, vol. 4, no. 2, May 
2014. 
[20] E. Doumanis, G. Goussetis, J. L. Gomez-Tornero, R. Cahill, and V. 
Fusco, “Anisotropic Impedance Surfaces for Linear to Circular 
Polarization Conversion,” IEEE Trans. Antennas Propagat., vol. 60, no. 
1, pp. 212–219, Jan. 2012. 
[21] Z. H. Jiang, L. Lin, D. Ma, S. Yun, D. H. Werner, Z. Liu, and T. S. Mayer, 
“Broadband and Wide Field-of-view Plasmonic Metasurface-enabled 
Waveplates,” Scientific Reports, vol. 4, p. 7511, Dec. 2014. 
[22] Jinhui Shi, Xingchen Liu, Shengwu Yu, Tingting Lv, Zheng Zhu, Hui 
Feng Ma, and Tie Jun Cui, “Dual-band asymmetric transmission of linear 
polarization in bilayered chiral metamaterial”, Applied Physics Letters 
vol. 102, p. 191905, 2013. 
[23] Yong Zhi Cheng, Yie Nie, Zheng Ze Cheng, and Rong Zhou Gong 
“Dual-band Circular Polarizer and Linear Polarization Transformer 
Based on Twisted Split-Ring Structure Asymmetric Chiral Metamaterial” 
Progress In Electromagnetics Research, vol. 145, 263-272, 2014. 
[24] He-Xiu Xu, Guang-Ming Wang, Mei Qing Qi, and Tong Cai, “Dual-band 
circular polarizer and symmetric spectrum filter using ultrathin compact 
chiral metamaterial”, Progress In Electromagnetics Research, vol. 143, 
243-261, 2013 
[25] E. Doumanis, G. Goussetis, R. Cahill, V. Fusco, and H. Legay, “Dual 
frequency polarizing surfaces: For Ka-band applications,” 6th European 
Conference on Antennas and Propagation (EUCAP), Mar. 2012. 
[26] M. Fartookzadeh and S. H. Mohseni Armaki, “Dual-Band 
Reflection-Type Circular Polarizers Based on Anisotropic Impedance 
Surfaces,” IEEE Trans. Antennas Propagat., 2016,  
[27] M. Fartookzadeh and S. H. Mohseni Armaki, “dual-band 
circularly-polarized monopulse antenna system with single layer patches 
and separated feed networks,” Progress In Electromagnetics Research C, 
vol. 55, pp. 43–52, 2014. 
[28] O. Luukkonen, C. Simovski, Gé. Granet, G. Goussetis, D. Lioubtchenko, 
A. V. Raisanen, and S. A. Tretyakov, “Simple and Accurate Analytical 
Model of Planar Grids and High-Impedance Surfaces Comprising Metal 
Strips or Patches,” IEEE Trans. Antennas Propagat., vol. 56, no. 6, pp. 
1624–1632, Jun. 2008. 
 
 
